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A new solvothermal approach is introduced to synthesize ultrathin Sb~2~Se~3~ nanowires with diameters ranging from 10 to 20 nm and with length up to 30 μm. The Sb~2~Se~3~ nanowire‐based photodetectors are firstly fabricated on polyethylene terephthalate (PET) and ordinary printing paper substrates, which exhibit excellent response to visible light with fast response time (0.18 and 0.22 s), high flexibility and durability.

1D semiconductor nanowires have been an exciting research field due to their potential application in artificial photosynthesis, optical wavelength filters, photovoltaic technology, electronic and optoelectronic devices.[1](#advs201500109-bib-0001){ref-type="ref"}, [2](#advs201500109-bib-0002){ref-type="ref"}, [3](#advs201500109-bib-0003){ref-type="ref"}, [4](#advs201500109-bib-0004){ref-type="ref"}, [5](#advs201500109-bib-0005){ref-type="ref"} In the past decades, tremendous progress has been made in this field and much insight has been gained on tuning their electrical and optical properties by controlling their sizes and dimensions.[6](#advs201500109-bib-0006){ref-type="ref"} It is known that nanowires with high aspect ratios can provide a low‐scattering transport path of the carriers and the electron and hole energy states become discrete due to the spatial confinement, which are highly beneficial for achieving high‐performance electrical or optical properties.[7](#advs201500109-bib-0007){ref-type="ref"} Otherwise, nanowires are of excellent mechanical flexibility which is easy to satisfy the requirements of portability and mechanical stability in flexile optoelectronic devices.[8](#advs201500109-bib-0008){ref-type="ref"}, [9](#advs201500109-bib-0009){ref-type="ref"}

Antimony selenide (Sb~2~Se~3~) is a typical narrow band semiconductor with a good chemical stability and ≈1.21 eV band gap,[10](#advs201500109-bib-0010){ref-type="ref"} which make it an ideal candidate for visible--near‐infrared photodetectors. Zhao et al. reported a microwave‐assisted synthesis of Sb~2~Se~3~ nanorods with diameters ranging from 40 to 70 nm and lengths in the range of 400--1200 nm. Yang et al. obtained the Sb~2~Se~3~ nanorods with diameters between 40 and 200 nm via a vapor--liquid--solid approach. Wang et al. developed a novel gas‐induced‐reduction method to obtain the Sb~2~Se~3~ nanorods with diameters of ≈200 nm and lengths of 3--5 μm at 200 °C. Ma et al. prepared Sb~2~Se~3~ nanowires with diameters of 28--34 nm and length of several hundred nanometers via a solvothermal method.[11](#advs201500109-bib-0011){ref-type="ref"}, [12](#advs201500109-bib-0012){ref-type="ref"}, [13](#advs201500109-bib-0013){ref-type="ref"}, [14](#advs201500109-bib-0014){ref-type="ref"} However, to the best of our knowledge, there is no report on the controllable synthesis of Sb~2~Se~3~ ultrathin nanowires with diameters less than 20 nm. In the present work, an alternative organometallic synthetic route is developed for the growth of ultrathin Sb~2~Se~3~ nanowires with high quality and ultrahigh aspect ratios from the reaction of triphenylantimony with dibenzyldiselenide in ethanol at 200 °C using oleylamine and polyvinylpyrrolidone (PVP) as surfactants. The diameters of the Sb~2~Se~3~ nanowires are mainly ranging from 10 to 20 nm with the length up to 30 μm. Meanwhile, the as‐obtained ultrathin Sb~2~Se~3~ nanowires have complementary absorption spectra in ultraviolet, visible and near‐infrared spectrum, which suggests potential application in the photoelectric devices.

Flexible devices have attracted increasing attention due to their potential applications in outfitting robots, medical prostheses, future paper displays, liquid crystal displays and wearable energy harvesting devices.[15](#advs201500109-bib-0015){ref-type="ref"}, [16](#advs201500109-bib-0016){ref-type="ref"}, [17](#advs201500109-bib-0017){ref-type="ref"}, [18](#advs201500109-bib-0018){ref-type="ref"}, [19](#advs201500109-bib-0019){ref-type="ref"} Recently, extensive research is actively focused on flexible photodetectors, which have important applications in wearable communication devices, sensory skins for robotics, biomedicine, aerospace science and civil engineering that need special requirements of flexibility, lightweight, construction in thin and mechanical stability.[20](#advs201500109-bib-0020){ref-type="ref"}, [21](#advs201500109-bib-0021){ref-type="ref"}, [22](#advs201500109-bib-0022){ref-type="ref"} Zhai et al. fabricated the Sb~2~Se~3~ single‐nanowire photodetector on SiO~2~/Si substrate with Ti/Au (10 nm/100 nm) electrodes and the device exhibited an on/off ratio of 15 with rise and decay times of 0.3/0.3 s under 615 nm illumination (1.68 mW cm^−2^). Choi et al. also fabricated the Sb~2~Se~3~ single‐nanowire photodetector on SiO~2~/Si substrate with Ti/Au (20 nm/100 nm) electrodes and the on/off ratio of the device was found to be 75 under 655 nm illumination (15 mW cm^−2^). Liu et al. fabricated the Sb~2~Se~3~ nanowire photodetector on SiO~2~/Si substrate with Au electrodes, and the device displayed an on/off ratio of 150 and response/recovery times of 0.2/1.2 s under a xenon lamp (14.4 mW cm^−2^).[23](#advs201500109-bib-0023){ref-type="ref"}, [24](#advs201500109-bib-0024){ref-type="ref"}, [25](#advs201500109-bib-0025){ref-type="ref"} However, Sb~2~Se~3~ nanowire photodetectors based on flexile substrates have not been studied up to date. Herein, we report a simple fabrication of flexible photodetectors that are successfully fabricated by depositing Sb~2~Se~3~ nanowires on flexible ordinary printing paper in addition to PET substrates. The as‐fabricated photodetector based on PET exhibits an on/off photocurrent ratio of 19 at 23.8 mW cm^−2^ with fast response and recover time of 0.18/0.20 s. The flexile photodetector fabricated on printing paper displays an on/off photocurrent ratio of 16 at 31.3 mW cm^−2^ with fast response and recover time of 0.22/0.25 s. Moreover, the two photo­detectors exhibit high flexibility and mechanical stability. The measured results imply that the ultrathin Sb~2~Se~3~ nanowires are considerably potential for the application of versatile, low‐cost, flexible and portable electronic and optoelectronic devices.

**Figure** [**1**](#advs201500109-fig-0001){ref-type="fig"}a shows a typical X‐ray powder diffraction (XRD) pattern of the as‐prepared Sb~2~Se~3~ nanowires (top) and the corresponding standard Joint Committee on Powder Diffraction Standards (JCPDS) card No. 72‐1184 (bottom), which indicates that the products are highly pure orthorhombic phase with space group of *P* ~bnm~. Figure [1](#advs201500109-fig-0001){ref-type="fig"}b demonstrates the scheme of Sb~2~Se~3~ crystal structure displaying a perspective of the (001) facet. It can be observed that the structure of Sb~2~Se~3~ consists of infinitely long ribbon‐like \[Sb~4~Se~6~\]*~n~* units extending along c‐axis. These 1D ribbons coordinate with each other by intermolecular attraction, creating distinct layers along the \[100\] and \[010\] direction.[23](#advs201500109-bib-0023){ref-type="ref"}, [26](#advs201500109-bib-0026){ref-type="ref"} The low‐magnification SEM in Figure [1](#advs201500109-fig-0001){ref-type="fig"}c shows the general morphology of the Sb~2~Se~3~ nanowires, from which one can see that the length of the nanowires are up to 30 μm. A high‐magnification SEM (Figure [1](#advs201500109-fig-0001){ref-type="fig"}d) further reveals that the products are composed of a large number of nanowires with quite uniform diameters throughout their axial direction. The TEM image (Figure [1](#advs201500109-fig-0001){ref-type="fig"}e) demonstrates that the surface of nano­wires is smooth and their diameters are mainly ranging from 10 to 20 nm, which could be observed from the histogram of the diameter distribution (inset in Figure [1](#advs201500109-fig-0001){ref-type="fig"}e). Figure [1](#advs201500109-fig-0001){ref-type="fig"}f exhibits the lattice fringes, where the plane spacings of 0.343 nm and 0.317 nm correspond to the lattice planes of (111) and (230) facets, respectively. These results indicate that the preferential growth occurs along the \[001\] direction, which is coincident with that of the Sb~2~Se~3~ nanorods reported previously.[11](#advs201500109-bib-0011){ref-type="ref"}, [24](#advs201500109-bib-0024){ref-type="ref"}, [27](#advs201500109-bib-0027){ref-type="ref"} In addition, Raman and XPS measurements have been performed to reveal the compositional and chemical state of the products (Figure S1, Supporting Information). In the Raman spectrum (Figure S1a, Supporting Information), the peaks at 124, 189, 208 and 253 cm^−1^ are coincident with the previous investigations for the Sb~2~Se~3~ nanostructures.[23](#advs201500109-bib-0023){ref-type="ref"}, [28](#advs201500109-bib-0028){ref-type="ref"} The XPS results further demonstrate that both Sb and Se elements are in their expected oxidation states (Figure S1b‐d, Supporting Information).[29](#advs201500109-bib-0029){ref-type="ref"}

![a) XRD pattern of products synthesized via reaction of triphenylantimony with dibenzyldiselenide in ethanol at 200 °C for 16 h (top) and JCPDS card, No. 72‐1184 (down). b) The scheme of crystal structure of the Sb~2~Se~3~ for the perspective of (001) facet, c) low‐ and d) high‐magnification SEM. e) TEM and histogram of the nanowires diameter distribution (inset) and f) HR‐TEM images of the nanowire.](ADVS-2-0l-g004){#advs201500109-fig-0001}

**Figure** [**2**](#advs201500109-fig-0002){ref-type="fig"} displays the SEM and TEM images of the products obtained from different reaction temperature with other conditions unchanging. The corresponding XRD patterns are displayed in Figure S2 (Supporting Information), indicating the pure crystalline Sb~2~Se~3~ products. When the reaction temperature is set at 180 ºC, the products are composed of uniform straw‐like sheaves and the individual sheaf measures about 20 μm in length (Figure [2](#advs201500109-fig-0002){ref-type="fig"}a). From the TEM image in Figure [2](#advs201500109-fig-0002){ref-type="fig"}b, it can be observed that the symmetric sheaf‐like structures are assembled by the well‐aligned ultrathin nanowires with two fantails oriented to the center and the nanowires have uniform diameters of ∼20 nm (Figure [2](#advs201500109-fig-0002){ref-type="fig"}c). Figure [2](#advs201500109-fig-0002){ref-type="fig"}d shows the scanning electron microscopy (SEM) image of the products obtained at 220 °C. The products are discrete nanowires with the length up to 30 μm but the diameters of the nano­wires seem not very uniform. As demonstrated in Figure [2](#advs201500109-fig-0002){ref-type="fig"}e,f, the diameters of the nanowires are ranging from 30 to 80 nm, indicating that the higher temperature has made the diameters of the nanowires increased. It is noticeable that oleylamine and PVP are used as surfactants in the synthesis process. Experiments reveal that both oleylamine and PVP play critical roles in the formation of ultrathin Sb~2~Se~3~ nano­wires. Figure S3a,b (Supporting Information) demonstrates that the resulted samples in the absence of oleylamine and PVP are composed of many 3D hierarchical architectures assembled by many 1D Sb~2~Se~3~ subunits (with diameters of 200--500 nm) and some rod‐like Sb~2~Se~3~ nanostructures (with diameters of 500--1000 nm). As shown in Figure S3c,d (Supporting Information), the products synthesized without PVP consist of orthorhombic Sb~2~Se~3~ nanorods with diameters of 200--500 nm and Sb~2~Se~3~ microtubes with diameters up to 1.5 μm. The obtained products synthesized without oleylamine are mainly Sb~2~Se~3~ nanorods with an average diameter of 500 nm (Figure S3e,f, Supporting Information). Above results indicate that the ultrathin Sb~2~Se~3~ nanowires can be selectively prepared by rationally tuning the temperature with PVP and oleylamine as surfactants. A Fourier transformed infrared (FT‐IR) spectrum of the as‐obtained products (Figure S4, Supporting Information) confirms the effects of oleylamine and PVP on the growth of the ultrathin Sb~2~Se~3~ nanowires. In addition, it is revealed that the ultrathin Sb~2~Se~3~ nanowires exhibit some different optical properties as compared to bulk Sb~2~Se~3~ due to the quantum effect (Figure S5, Supporting Information).

![SEM and TEM images of the products synthesized at different temperature while other conditions unchanging: a) SEM, b) low‐ and c) high‐magnification TEM of the samples synthesized at 180 °C, d) SEM, e) low‐ and f) high‐magnification TEM of the samples synthesized at 220 °C.](ADVS-2-0l-g002){#advs201500109-fig-0002}

**Figure** [**3**](#advs201500109-fig-0003){ref-type="fig"}a demonstrates the photograph (top) and schematic illustration (bottom) of the photodetector fabricated on a flexible plastics substrate of PET. Figure [3](#advs201500109-fig-0003){ref-type="fig"}b plots the current‐voltage (*I--V*) curves of the device measured under illumination and dark conditions, respectively. The linear curves indicate the good ohmic contacts between the Cu/Au electrodes and the Sb~2~Se~3~ nanowires which are favorable for electron transmission. Figure [3](#advs201500109-fig-0003){ref-type="fig"}c shows the time response of the device under irradiation with light intensities from 4.1 to 23.8 mW cm^−2^ at a voltage of 5.0 V, giving an on/off ratio of 19 (on/off current of 14.76/0.78 nA) at 23.8 mW cm^−2^. It can be observed that the current increases with increasing light intensity and no typical saturation behavior exists due to the low density of the incident light, which is consistent with the fact that the charge‐carrier photogeneration efficiency is proportional to the absorbed photon flux. The corresponding light‐intensity dependence of the photocurrent is demonstrated in Figure [3](#advs201500109-fig-0003){ref-type="fig"}d, which can be expressed as a power law of *I~P~* ≈ *P^θ^*, where *I* ~P~, *P*, and *θ* represent the photocurrent, light power intensity, and the response of the photocurrent to light intensity, respectively. Here the measurement results reveal a power dependence of *I~P~* ≈ *P* ^0.54^. According to previous reports, the nonunity exponent may result from the complex process of electron--hole generation, recombination, and trapping within a semiconductor, which will lead to the final saturation of the photocurrent as the light intensity increases.[30](#advs201500109-bib-0030){ref-type="ref"}, [31](#advs201500109-bib-0031){ref-type="ref"} Otherwise, the photo­response switching behaviors of the device are measured by periodically turning on and off the light (23.8 mW cm^−2^) at the voltage of 1.0, 5.0 and 10.0 V (Figure S6, Supporting Information), indicating the high stability of the flexile photodetector. It is well known that response and recovery time are critical parameters to evaluate the performance of a photodetector which are defined as the time required for dark current to increase to 90% of the peak value of photocurrent or vice versa. From one period of light excitation as shown in Figure [3](#advs201500109-fig-0003){ref-type="fig"}e, the response and recovery time are determined to be 0.18 and 0.20 s, respectively, which is faster than that of previous reported Sb~2~Se~3~ photodetectors and many other flexile nanowire photodetectors.[23](#advs201500109-bib-0023){ref-type="ref"}, [24](#advs201500109-bib-0024){ref-type="ref"}, [32](#advs201500109-bib-0032){ref-type="ref"}, [33](#advs201500109-bib-0033){ref-type="ref"} The fast response time of the device may result from the high quality of the Sb~2~Se~3~ nanowires and good ohmic contacts with no interfacial barrier or traps formed between the ultrathin Sb~2~Se~3~ nanowires and the Cu/Au electrodes. Moreover, flexible optoelectronics are required to withstand varied mechanical deformations, so the electrical performance of the device at different bending conditions is measured. Figure [3](#advs201500109-fig-0003){ref-type="fig"}f depicts the *I--V* characteristics of the flexile photodetector at different bending angles or twisting positions, where the positive and negative values are defined according to the folding direction of the device as demonstrated in the inset of Figure [3](#advs201500109-fig-0003){ref-type="fig"}f. It is revealed that the photocurrent of the device is almost invariant of bending states. To further investigate the mechanical stability of the device, the photocurrent is checked under different bending conditions, as shown in Figure S7 (Supporting Information). The photocurrent is nearly unchanged in varied bending states, demonstrating the high flexibility and durability of the flexile photodetector.

![The photoresponsive characteristics of the flexile Sb~2~Se~3~ photodetector fabricated on PET substrate: a) photograph of the constructed device (top) and the schematic illustration of a flexible photodetector (bottom), b) the *I--V* curves of the device measured in the dark and under light, c) the time function of the on--off photocurrent response of the device at different light intensity at a voltage of 5.0 V, d) the photocurrent measured as a function of incident light at a voltage of 5.0 V, e) photocurrent measured in one period of modulation of the light intensity demonstrating the response and recovery time of the photodetector, and f) *I--V* curves measured at different bending angles. Inset: Schematic of the bending directions and bending angle.](ADVS-2-0l-g005){#advs201500109-fig-0003}

The photocurrent performances of the photodetector fabricated on an ordinary printing paper are summarized in **Figure** [**4**](#advs201500109-fig-0004){ref-type="fig"}. Figure [4](#advs201500109-fig-0004){ref-type="fig"}a shows typical *I--V* characteristics of the devices in the dark and under illumination, indicating good ohmic contacts between the Sb~2~Se~3~ nanowires and Cu/Au electrodes. The inset of Figure [4](#advs201500109-fig-0004){ref-type="fig"}a is the photograph of the final device fabricated on the printing paper. Figure [4](#advs201500109-fig-0004){ref-type="fig"}b shows the time responses under light intensities from 4.1 to 31.3 mW cm^−2^ at 5.0 V. It can be observed that the current increases with increasing light intensity with an on/off ratio of 16 (on/off current of 3.53/0.22 nA) at 31.3 mW cm^−2^, demonstrating a power dependence of *I ≈ P* ^0.44^ (Figure S8, Supporting Information). As demonstrated in Figure [4](#advs201500109-fig-0004){ref-type="fig"}c, the response and recovery time are determined to be 0.22 and 0.25 s, respectively, which are equivalent to that of the photodetector fabricated on the PET substrate. Figure [4](#advs201500109-fig-0004){ref-type="fig"}d depicts the time‐dependent measurement of the on--off photocurrent response before and after bending for 100 times with a bending angle about 75°. Notably, the photocurrent and on/off switching ratio are almost invariant of bending, suggesting the high mechanical stability of the device. To further demonstrate the flexibility of the detector based on printing paper, the optoelectronic performance of the device when bent to different angles has been precisely assessed under constant light intensity (as shown in the inset of Figure S9, Supporting Information). The minor change of the *I--V* curves in Figure S9 (Supporting Information) ensures the high flexibility and durability of the device. The measurement results demonstrate significant potential of the ultrathin Sb~2~Se~3~ nanowires for the development of versatile, low‐cost, flexible, and portable electronic and optoelectronic devices.

![The photoresponsive characteristics of the flexile Sb~2~Se~3~ photodetector fabricated on printing paper substrate: a) the *I--V* curves of the device in the dark and light (inset showing the photograph of the flexile photodetectors based on ordinary printing paper), b) the time function of the on‐off photocurrent response of the device at different light intensity at a voltage of 5.0 V, c) the response time and recovery time of the flexile photodetector, and d) the time dependent on the on--off photocurrent response of the device before or/and after 100 cycles of bending at a voltage of 5.0 V.](ADVS-2-0l-g001){#advs201500109-fig-0004}

In summary, an alternative facile organometallic synthetic route is developed for the growth of ultrathin Sb~2~Se~3~ nanowires with diameters ranging from 10 to 20 nm and length up to 30 μm via the reaction of triphenylantimony with dibenzyldiselenide in ethanol at 200 °C for 16 h using oleylamine and PVP as surfactants. Especially, flexible photodetectors employing ultrathin Sb~2~Se~3~ nanowires film have been firstly fabricated on PET and ordinary printing paper substrates, which demonstrate high performance. The excellent flexibility and durability of the photodetectors based on the Sb~2~Se~3~ nanowires are desirable for practical application in high‐performance flexile optoelectronic devices with low‐cost, portability and mechanical stability.

Experimental Section {#advs201500109-sec-0020}
====================

All reagents and solvents were of analytical purity and they were obtained from commercial sources and used without further purification. In a typical synthesis, 0.3 mmol (105.4 mg) triphenylantimony and 0.2 mmol (68.0 mg) dibenzyldiselenide were dissolved in 5.0 mL oleylamine and 0.2 g of PVP (Shanghai Reagent Company, *M* ~W~ ≈ 30 000) was dissolved in 10 mL ethanol, respectively. Then, the two kinds of solution were mixed to form a homogenous solution that was transferred into a 25 mL Teflon‐lined stainless steel autoclave and maintained at 200 °C for 16 h. After reaction, the autoclaves were cooled down to room temperature naturally. The resulting black precipitates were washed with ethanol and hexane several times.

The as‐prepared products were identified by X‐ray powder diffraction (XRD) patterns on a Philips X′Pert Pro Super diffractometer with graphite‐monochromatized Cu Kα radiation (*λ* = 1.54178 Å). The nanowire morphologies, structure, and composition were investigated by the field emission scanning electron microscopy (SEM) (JEOL JSM‐6700F), transmission electron microscopy (TEM), and high‐resolution TEM accompanied by energy dispersive X‐ray spectroscopy on JEOL‐2010 with an accelerating voltage of 200 kV. Raman spectra were performed on a LABRAM‐HR spectroscopy with excitation of the 514.5 nm line of an Ar^+^ ion. X‐ray photoelectron spectroscopic (XPS) spectra were collected using a VGESCA‐LAB MKII X‐ray photoelectron spectrometer fitted with a monochromatic Al Kα X‐ray source (1487 eV) operating on a spot size of 560 μm. UV--vis--NIR absorption spectra were recorded on a Perkin Elmer Lambda 950 UV--vis--NIR spectrophotometer. The Fourier transformed infrared (FTIR) spectrum of the nanowires was detected by a Fourier infrared spectrometer iS10.

Flexible photodetectors based on Sb~2~Se~3~ ultrathin nanowires were fabricated on the substrates of polyethylene terephthalate (PET) and ordinary printing paper, respectively. In detail, 30.0 mg of the as‐prepared Sb~2~Se~3~ ultrathin nanowires was dispersed in 2.0 mL ethanol to make a homogeneous solution. The solution was drop‐deposited on the top side of a well‐prepared PET and printing paper plate (with size of 2.0 × 1.5 cm) by spin‐casting treatment and dried in air naturally to form an assembly layer film of the Sb~2~Se~3~ ultrathin nanowires. Afterward, ohmic contact electrode patterns (1.5 mm × 2.5 mm), Cu (5.0 nm), and Au (40.0 nm) deposition on the film by using a high‐vacuum electron beam system under the assistance of a shadow mask with spacing of 1.0 mm. The current--voltage (*I--V*) characteristics and the sensitivity of the photodetectors were measured using CHI600E electrochemical workstation, equipped with a xenon lamp of PLS‐SXE300/PLS‐SXE300UV with an output wavelength range of 400--780 nm.
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